Aims: Phenylketonuria (PKU), which is caused by mutations in the phenylalanine hydroxylase (PAH) gene, is one of the most common inherited diseases of amino acid metabolism. Phenylketonuria is characterized by an abnormal accumulation of phenylalanine and its metabolites in body fluids and brain tissues, subsequently leading to severe brain dysfunction. Various pathophysiological and molecular mechanisms underlying brain dysfunction in PKU have been described. However, the metabolic changes and their impacts on the function of cerebral cortices of patients with PKU remain largely unknown.
| INTRODUC TI ON
Phenylketonuria (PKU) is one of the most prevalent autosomal recessive disorders of amino acid metabolism, resulting from a severe deficiency in the activity of the catalytic enzyme phenylalanine hydroxylase (PAH).
Phenylalanine hydroxylase dysfunction results in abnormal accumulation of phenylalanine and its metabolites in the plasma, cerebrospinal fluid, and brain tissues, such as the cerebral cortices, subsequently causing neurological and neuropsychiatric disturbances in untreated patients with PKU and even in early treated phenylketonuric patients. [1] [2] [3] These abnormal disturbances mainly include intellectual disability, impaired emotional regulation, and neurocognitive dysfunction. 2 Metabolomics is a new platform of systems biology, enabling the simultaneous quantitative measurement in complex biological samples of numerous metabolites. As a powerful analytical approach, recently, metabolomics has been increasingly applied in the fields of novel disease biomarker discovery, disease action mechanisms, and evaluation of drug efficacy and toxicity. 8 In addition, brain metabolomics has been used for understanding the pathology and identifying potential biomarkers of neurodegenerative diseases in both animal models and human postmortem tissues due to the fact that metabolic changes in the brain are more likely to reflect disease etiology than metabolic changes in peripheral biofluids. 9 Thus, a better understanding of the metabolic pathways in brain tissues in PKU may be beneficial for understanding the pathogenesis of PKU and for revealing the potential mechanisms underlying neurological dysfunction or damage in PKU. Therefore, the aim of our study was to characterize the metabolic disturbances in the cerebrocortical tissues in a mouse model of PKU using a metabolomics approach and to elucidate their potential association with brain dysfunction or damage.
| MATERIAL S AND ME THODS

| Reagents and chemicals
Distilled water was prepared by the Milli-Q purification system. Liquid chromatography-mass spectrometry grade methanol (MeOH) and acetonitrile (ACN) were purchased from Honeywell.
| PKU mice
Heterozygous Pah enu2+/− mice were purchased from Jackson Laboratory, bred monogamously and maintained in our specificpathogen-free (SPF) animal center. The mice were genotyped by tail clipping, DNA extraction and sequencing ( Figure S1 ). All the mice were kept on a 12-hour light/dark cycle (lights on from 8:00-20:00) with ad libitum access to food and water. Male Pah enu2−/− (PKU) and
Pah enu2+/+ (wild-type) mice were used for this study at the age of 4 weeks. All the mice used in the experiment received humane care in compliance with institutional and national guidelines for health and care of experimental animals, and the experimental protocols were reviewed and approved by the Ethics Committee of Xinhua Hospital, Shanghai Jiaotong University School of Medicine. 
| Metabolite extraction and LC-MS analysis
| Principle component analysis
Principle component analysis was performed on the abundance of all 143 metabolites by using the standard R function "procomp." The relative PCA plot was mainly generated by "ggfortify" and "cluster" package.
| Metabolic pathway analysis
Over representation analysis (ORA) and metabolic pathway enrichment analysis were performed on 35 significantly changed metabolites from the total of 143 metabolites by using the R package 
| Statistical analysis
Student's t-test was performed on each metabolite using SPSS software. Differences were considered significant at the value of P < .05. Metabolic pathway analyses were performed by using MetaboAnalystR, applying the hypergeometric algorithm for ORA and the relative-betweenness centrality algorithm for pathway topology analysis.
| RE SULTS
| Intergroup differences in metabolite profiles in mice revealed by principal component analysis
Principal component analysis (PCA) models are depicted as score plots and consist of two synthetic variables, PC1 and PC2, which account for the greatest proportion of the total variance and the second greatest proportion of the total variance orthogonal to PC1, respectively. The PCA score plots in Figure 1 showed that the scores belonging to the PKU mice grouped distinctly separately from the scores of the wild-type controls in the tested cortical tissue samples.
This clearly indicates that significant differences in the metabolome content exist between the wild-type and PKU mice.
| Identification of differential metabolites in cerebral cortices of PKU mice
Metabolic profiles of cortical samples from the wild-type control and PKU mice were acquired by using LC-MS. Additionally, to explore the differential changes of the 143 identified metabolites between groups, we compared the concentration of each identified metabolite. Finally, a total of 35 metabolic compounds that were significantly altered in the cortical tissues of PKU mice were identified (Table 1) , including l-phenylalanine, l-valine, l-aspartic acid, purine, and l-methionine. Furthermore, the differentially abundant metabolites were visualized as a heat map, which clearly showed changes in identified metabolites in the cerebral cortices between the wild-type control and PKU groups ( Figure 2 ). In addition, correlation analysis ( Figure 2) showed a good correlation between these identified metabolites.
| Metabolic pathway analysis of differential metabolites
Further pathway and enrichment analyses were carried out in MetaboAnalystR by placing the altered metabolites into their biochemical context. Pathway analysis referencing the KEGG pathway database revealed that a number of metabolic pathways were significantly altered in the cortical tissues of the PKU mice, mainly including phenylalanine, tyrosine, and tryptophan biosynthesis (l-phenylalanine, N-acetyl-l-phenylalanine, phenyllactic acid, 5-methoxydimethyltryptamine, hordenine); valine, leucine, and isoleucine biosynthesis (l-valine, l-leucine); alanine, aspartate, and glutamate metabolism (gamma-aminobutyric acid, l-aspartic acid); histidine metabolism (urocanic acid, l-aspartic acid); and arginine and proline metabolism ( 4-guanidinobutyric acid, gamma-aminobutyric acid) ( Figure 4 ). Enrichment analysis referencing libraries of metabolite sets based on normal metabolism found an additional significantly altered pathway with other contributing metabolites (purine metabolism: adenine, deoxyinosine, glycine, inosine, adenosine, purine; methionine metabolism: l-methionine, 5′-methylthioadenosine, l-aspartic acid) (fold enrichment ≥ 2.0, P < .05, Figure 3 ).
| D ISCUSS I ON
Phenylketonuria is an autosomal recessive disorder caused by a deficiency in the key enzyme PAH, which is necessary for the conversion of the amino acid phenylalanine to tyrosine. The deficiency results in excessive accumulation of phenylalanine and its derived metabolites and development of metabolic encephalopathy. However, the underlying mechanism of brain malfunction has not been completely elucidated yet.
The metabolomics method has recently emerged as a powerful tool for discovering novel diagnostic and therapeutic biomarkers of diseases, elucidating disease action mechanism and evaluating drug efficacy and toxicity by analyzing global metabolic profile changes in various tissue samples. In addition, brain metabolomics has been widely used to understand the pathology and to identify potential biomarkers for neurological diseases, such as neurodegenerative diseases, in both animal models and human postmortem tissues because metabolic changes in the brain are more likely to reflect disease etiology than metabolic changes in peripheral biofluids. 9 In the present study, LC-MS-based metabolomics analysis of the cerebral cortical tissues of the Pah enu2−/− mice, an ideal mouse model for studying human PKU, revealed significant differences in many metabolites (Table S1, Table 1 ). Those altered metabolites are involved in many related metabolic pathways, including amino acid metabolism, purine metabolism, and methionine metabolism (Figures 3 and 4 ). All of these changes occurred in the developing brains of PKU mice aged 4 weeks, indicating that such metabolic disturbances might be closely related to brain dysfunction during brain development in PKU. The F I G U R E 1 The PCA score plots of the wild-type and PKU groups (n = 8 mice/group). Principal component analysis (PCA) score plots are displayed for each group. PKU mice are shown as orange circles, and wild-type mice are green circles. As shown in the figure, obvious visual separation was observed between the metabolic profiles of cerebral cortex of wild-type mice and those of PKU mice. PKU, phenylketonuria; WT, wild-type major metabolic patterns and plausible pathways associated with brain dysfunction in PKU mice are discussed below.
In the present study, cerebrocortical phenylalanine concentrations in PKU mice were dramatically higher than those in wild-type control mice (Table 1) , which was consistent with previous studies showing higher phenylalanine concentrations in different brain areas of PKU mice than those in the corresponding brain structures in wild-type controls. 1 Similar results for N-Acetyl-l-phenylalanine and phenyllactic acid were also obtained in this brain region. The enrichment of these phenylalanine-associated metabolites may values < 1.0 indicate that levels were lower in the cortical tissues of PKU mice. c "↑" indicates that the levels were higher in the cortical tissues of PKU mice; "↓" indicates that the levels were lower in the cortical tissues of PKU mice.
TA B L E 1 Significantly altered metabolites in cerebral cortices of PKU mice as compared with the wild-type mice (n = 8 mice/group)
The heat map of differential metabolites in cerebral cortices of the wild-type and PKU mice. Left, metabolic profiling of cortical samples. Rows and columns indicate samples and metabolites, respectively. The heat map shows the differential metabolite levels in the cerebral cortex of wild-type and PKU mice (green: lowest; red: highest; black: mean). Right, the correlation matrix of differential metabolites. The color saturation of red or blue represents the negative or positive correlation coefficients between metabolites, respectively. PKU, phenylketonuria; WT, wild-type F I G U R E 3 Enrichment analysis of the key metabolites in the cerebral cortex of wild-type and PKU mice be secondary to the enrichment of the precursor phenylalanine.
Previous studies revealed that phenylalanine and its metabolites, such as phenyllactic acid, provoked oxidative stress in the hippocampus and cerebral cortex of developing rats and inhibited cell proliferation, 12, 13 indicating that phenylalanine and its metabolite phenyllactic acid contribute to neurological dysfunction in PKU and might be one explanation for brain dysfunction in PKU.
Branched-chain amino acids (BCAAs) are amino acids structurally characterized by the presence of aliphatic side chains. Branchedchain amino acids in the central nervous system serve as important metabolic precursors required for the biosynthesis of proteins and neurotransmitters, and also serve as important sources of nitrogen, thereby facilitating the synthesis of such essential brain metabolites as glutamate and glutamine. 14 The results of the present study demonstrate that the levels of valine and leucine, the two BCAAs, were significantly lower in cortical tissues of PKU mice than in those of the wild-type controls ( Table 1 ), suggesting that BCAA metabolism was affected in PKU. Consequently, disturbing BCAA metabolism may adversely affect brain function in PKU by interfering with the biosynthesis of essential proteins, neurotransmitters, or brain metabolites.
Another altered metabolic pathway in PKU mice was the alanine, aspartate, and glutamate pathway. The present study did not reveal an Concentrations of nucleosides (adenosine, deoxyinosine, and inosine) were much higher in the cortical tissues of PKU mice than in the wild-type control mice (Table 1) , which may suggest a disturbed neuroprotective function leading to neural damage because purine nucleosides play important neuromodulator roles in the central nervous system. 19 In addition, the abnormal recycling F I G U R E 4 Pathway analysis of the key metabolites in the cerebral cortex of wild-type and PKU mice. The y axis shows the P-values and the x axis, the pathway impact values; the node color is based on its P-value and the node size reflects the pathway impact values. Enriched metabolic pathways that had an impact > .02 were shown in the figure of brain nucleosides is finally reflected in altered levels of other purine metabolites, such as adenine (Table 1) . Therefore, we speculated that, in PKU, abnormal purine metabolism may contribute to neurodevelopmental impairment.
Here, we report for the first time the differential metabolomic analysis of cerebral cortex of PKU mouse model and their wildtype littermate controls. The exact mechanisms associated with these altered metabolic pathway in the cortical tissue of PKU mice remain unknown. Nevertheless, it should be noted that additional metabolic pathways, including arginine and proline metabolism and methionine metabolism, were found to be also dysregulated in the cortical tissues of PKU mice (Figures 3 and 4 ). Disruptions of these metabolic pathways were previously demonstrated to be linked with impaired neurodevelopment or brain dysfunction in various neurodegenerative or neurological diseases. 20, 21 Thus, our study demonstrated that dysregulation of these metabolic pathways may to some extent contribute to the brain pathology associated with PKU.
However, it should be noted that the specific mechanisms un- Total cmpd, the total number of compounds (cmpd) in the pathway. b Hits, the number of compounds that match with our experimental data. c Raw P-value, the original P-value calculated from the enrichment analysis. d Impact, the pathway impact value calculated from pathway topology analysis.
| CON CLUS IONS
In conclusion, we report for the first time that multiple metabolic pathways were perturbed in the cerebrocortical regions of PKU mice. Some of these pathways, including phenylalanine, tyrosine, and tryptophan biosynthesis; valine, leucine, and isoleucine biosynthesis; alanine, aspartate, and glutamate metabolism; purine metabolism; arginine and proline metabolism and methionine metabolism, play essential roles in maintaining normal brain function.
Therefore, the data suggest that the disturbances of these meta- 
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